The optical properties, including UV-vis spectra and resonance Raman profiles, of pristine and defected single-walled carbon nanotubes (SWCNTs) are computed using state-of-the-art time-dependent density functional theory (TDDFT) as implemented using the Liouville-Lanczos approach to linear-response TDDFT. The CNT defects were of the form of Stone-Wales and diatom-vacancies. Our results are in very good agreement with experimental results where defects were introduced into a part of defect-free CNTs.
Introduction
Carbon nanotubes (CNTs) in their pristine or functionalized forms have been extensively studied due to their remarkable electronic and structural properties, [1] [2] [3] [4] and are widely used in different applications including biomedical sensing, electronics, and charge transport. 5, 6 According to tight-binding models, the electronic nature of CNTs is determined by their chirality index (n,m), which defines the folding vector along which a graphite sheet is rolled up in order to form CNTs. The (n,n) armchair CNTs are metallic whereas, if (n À m) mod 3 = 0, the (n,0) zigzag and (n,m) chiral tubes are metallic or quasimetallic with a very narrow band gap, and semiconducting for (n À m) mod 3 a 0. 5, 6 In practice, however, this clear and simple characterization is affected by the many defects that can occur on CNTs, including topological Stone-Wales (SW), mono-vacancies, and diatom-vacancies (DVs). Defects are known to affect greatly the physicochemical properties of the CNTs. For example, SW defects are chemically very active 7 and their presence abruptly changes the mechanical and electronic properties of CNTs such as e.g. closing the gap in large-gap CNTs or opening the gap in small-gap nanotubes. 8 The sensitivity of SWCNTs can be significantly enhanced by introducing a low density of defects along the nanotube sidewall as defect sites form low-energy adsorption sites that can dominate the electrical responses of the CNTs to the presence of chemical vapors. 9 Therefore, it is of prime importance to study the structural and physical properties of defected CNTs, and provide a means to distinguish between the different defect types. Carbon nanotube characterization relies extensively on Raman spectroscopy, 10 and it is very appealing to apply optical methods to distinguish between defect types of CNTs. The D-band in the Raman spectra of sp 2 carbons is a signature of defects in the graphene lattice 11 and is often used to characterize defective CNTs. However, the interpretation of the D-band feature might be ambiguous as a large observed D-band intensity might originate from one nanotube while the radial breathing mode (RBM) or graphitic G-band could be due to another tube present in the same sample. Recently, the influence of the defects on the Raman features was explored by Kalback and co-workers where spectroscopic signatures of defected CNTs were investigated. 12 In this study, a low concentration of defects was created intentionally on a part of an originally defect-free individual semi-conducting SWCNT, and, in these experiments, doping was shown to lead to a broadening and a decrease in the maximum intensity of the resonance profile. 12 It was also demonstrated that the maxima of the resonance profiles for the defected and pristine CNTs do not coincide; the pristine and defected CNTs were most effectively excited by laser pulses of energies 2.05 and 2.10 eV, respectively. 12 However, despite the extensive use of RR spectroscopy techniques for investigating CNTs experimentally, CNT characterization is still challenging mostly because of the lack of analytically pure bulk CNT samples. Also, the interpretation of the Raman resonance profile is challenging as well because of its sensitivity to the local environment. 13 Theoretical modeling of the resonance profile, especially using first-principles methods, can address adequately both of these challenges. However, the computation of RR scattering cross sections is still far from being routine calculations, especially for extended systems. Popov and co-workers have investigated RR profiles for pristine and defected CNTs 14,15 using a tight binding approach, but this method is of limited use due to its poor predictive power and also the difficulties in extending it to functionalized CNTs. For example, a standard tight-binding approach predicts equally spaced valence and conduction bands, 5, 16 which is only true for large diameter CNTs. In the case of small-diameter CNTs, the curvature-induced hybridization between s-p bands makes the van Hove singularities asymmetric with respect to the Fermi energy. 17 In this paper, we study the spectroscopic properties of pristine and defected (7,0) CNTs, where defects are of the form of SW and DV defects. The mono-vacancies are not investigated due to their high formation energies. The (7,0) CNT is the smallest non-metallic zigzag CNT which was selected due to computational demands. The (5,0) CNT has a smaller diameter and it is insulating according to the band-folding scheme but found to be metallic due to strong curvature effects. 18 Nevertheless, our findings are expected to apply to larger CNTs as well. Defects will lower the symmetry of the CNT resulting in an increase in the number of Raman-active modes, but here we select the RBM and the G-band that are the dominant Raman modes in CNTs. Our results reproduce the recent experimental results, 12 namely that the Raman shifts and intensities are sensitive to the CNT defects, while the UV-vis spectra show little shifts in the peaks. In addition, we show that low energy peaks in the UV-vis spectra are induced by the defects. But these peaks have relatively very small intensities, which explain why they have not been observed experimentally. The rest of the paper is organized as follows. First, we give a brief review of the approach that we used to compute the RR cross sections to be followed by a detailed presentation of the CNT models and the complexities associated with a cluster approach. We then show and discuss our results and conclude with a brief summary and outlook.
Methodology
The Raman scattering cross section is determined from the transition polarizability tensor. Each vibrational normal mode n with angular frequency o n gives rise to a dipole oscillating with angular frequency o À o n and with an intensity proportional to the differential cross section:
where T is the temperature and S n is the scattering factor, or the Raman activity, which is determined from the transition polarizability tensor by an expression that depends on the experimental setup. 20, 21 Assuming that the detection is made over all scattered polarizations along the X-direction and perpendicular to the Z-direction of propagation as well as the Y-axis along which the incident light of frequency o is polarized, the relevant expression for the scattering factor becomes equal to
Here a f0 ab is the ab term of the transition polarizability between the initial (ground) |n 0 i, and final |n f i vibrational states both belonging to the electronic ground state. For a randomly oriented sample, the two terms on the right-hand side of eqn (2) are expressed in the molecular frame in terms of the isotropic, a f0 , and anisotropic averages, g, of the transition polarizability tensor such that,
In the short time approximation, a f0 ab is determined in the harmonic approximation as
where a e ab is the (complex) electronic polarizability, and Q n is the normal mode coordinates of the nth mode. The derivative of the electronic polarizability with respect to Q, @a e ab @Q n , is evaluated for the equilibrium geometry, and is the key quantity that needs to be determined for the evaluation of eqn (7) . If the optical frequency is in near resonance, or resonance, with electronic transitions in the molecular system, then the polarizability calculations must be based on a resonance convergent response theory. Inclusion of relaxation in wave function theory was made by Norman and co-workers 22, 23 by means of a formulation of wave mechanics based on the Ehrenfest theorem, and the formulation, also referred to as complex polarization propagator (CPP) theory. [22] [23] [24] [25] [26] In our calculations, the electronic polarizability is computed for the periodic CNT with TDDFT as implemented using density-functional perturbation theory (DFPT). TDDFT is a very good compromise between speed and accuracy that can be applied to relatively large systems as compared to more accurate approaches based on equation of motion coupled cluster or Bethe-Salpeter methods. This is particularly true for TDDFPT that can handle relatively large systems as compared to traditional approaches. The TDDFPT Lanczos approach has been introduced recently, and its main advantage is that it allows for the calculations of the entire absorption spectrum (and hence also the polarizability) of the system at a cost comparable to that of the ground state electronic structure optimization. 27 Contrary to conventional approaches, this method avoids the resolution of individual states, and is thus well suited for large systems with large basis sets. The Lanczos technique has also been adopted in vibrational structure theory due to the high density of states 28 and in damped coupled cluster electronic response theory. 26 Briefly, in TDDFPT the electron dynamics is described using TD Kohn-Sham (KS) equations for the occupied (valence) orbitals as,
where H KS is the KS Hamiltonian defined as,
Here n ext (r,t) is the external potential, and n HXC (r,t) is the Hartree-exchange-correlation (HXC) potential. Linearization of the TD KS equation with respect to external potential implies
where r 0 is the unperturbed electron density, r 0 (t) = r(t) À r 0 is the response charge density defined as the deviation of the instantaneous electron density r(t) from the unperturbed density r 0 , V ext 0 (t) is the external perturbation, and V HXC 0 is the response HXC potential. Eqn (10) can be recast into:
where L is the Liouvillian super-operator whose action onto r 0 is defined as:
The electronic polarizability, a e ab (o), at any frequency o can then be expressed as an off-diagonal element of the resolvent of L. The inversion of L is avoided by using an iterative Lanczos recursion scheme, 27 which is necessary when the TDDFPT is employed in combination with a large basis set such as plane waves.
Computational details
All ground state results are obtained by first principles calculations in the framework of DFT, using the PWSCF package of the Quantum Espresso distribution. 29 In this scheme, core electrons are replaced by ultrasoft pseudopotentials. The KS reference state and the valence electron densities are expanded using plane waves with a cutoff of 20 and 160 Ry, respectively. The spin-averaged generalized-gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE) 30 is employed throughout, and we restricted the sampling of the Brillouin zone (BZ) to the G-point only. Equilibrium geometries are obtained by relaxing all atomic coordinates using a convergence threshold of 10 À4 Ry per Bohr on the atomic forces, and 10 À7 Ry on the energies of the self-consistent step. The use of periodic boundary conditions imposes a relatively high concentration of defects, which is an artifact that cannot be rectified without unrealistic increases in computational costs. To study the effects of the defect concentration on the results, we used a supercell approach with three and four repeat unit cells along the tube axis where the lattice constant is fixed at 4.32 Å. In each case, the optimum ground state configuration is found for the pristine and defected CNTs. For the UV-vis spectrum, we also examined a six repeat unit CNT. The images along the non-periodic directions in the supercell are isolated from each other by more than 10 Å to minimize fictitious interactions between them. The phonon spectra are computed using a finite displacement approach utilizing the Phonopy program 31 with a displacement of 0.01 Å along AEx, AEy, and AEz directions from the equilibrium position. The self-consistent step was converged using a tight convergence of 10 À8 Ry on the energies in order to ensure sufficient numerical accuracy in the calculation of forces.
Optical properties, including the absorption spectrum and the Raman intensities, are computed using TDDFT as implemented in DFPT in conjunction with the PBE XC functional. Local and semi-local functionals are known to underestimate excitation energies, and hybrid functionals would make a better alternative, but we were forced to restrain from this choice due to the steep computational cost involved with the use of hybrid functionals in combination with periodic calculations and plane-wave basis sets. To obtain well converged spectra, we have used between 2000 and 3000 Lanczos iterations for the pristine CNTs and between 5000 and 8000 iterations for the defected ones. The larger number of iterations for defected CNTs compared to the pristine ones is due to their loss of symmetry. The polarizabilities are computed using an extrapolation procedure, where up to 10 000 iterations have been adopted. 27 The absorption spectra are obtained from the imaginary value of the polarizability where a damping parameter is used to mimic various broadening effects occurring under experimental conditions, a technique that was developed by Norman and co-workers. 22, 23, 32 The value of the damping parameter G (HWHM) does not determine only the line profile in the absorption spectrum but also the validity of the approximations that are made to compute the Raman spectra. In our previous study, we found that a reasonable choice for G for describing the pp*-resonance enhanced transition polarizability for the C-C stretch mode in the ethylene model system is around 200 meV. 33 In the present study, we will adapt the same value knowing that our predicted absolute cross sections may be somewhat reduced compared to experimental results. 33 However, it is noteworthy that it is computationally trivial to adapt a different value of G in the TDDFPT approach, and for illustration purposes we also compute the UV-vis spectra using two additional values of G.
The derivatives of the polarizabilities of eqn (7) are carried out using a two point numerical differentiation scheme. This is done by first performing a normal mode analysis of the ground state equilibrium structure, and then obtaining the massweighted normal coordinates Q by multiplying the eigenmodes
where M is the mass matrix. The finite displacements are then generated along Q with step lengths of AE0:01 Â ffiffiffiffiffiffiffiffiffi amu p where amu = 1822.8884843.
Mostly because one can employ different hybrid density functionals with a maintained reasonable computational cost, it would have been advantageous to carry out the present study by using a finite cluster approach and by capping the CNT segments with hydrogen atoms. We have demonstrated previously that a cluster approach can provide a fair description of the structure, absorption spectra, and RR profiles of (7,0) CNTs that are decorated with H and F. 33 However, for the defected CNTs we found that the cluster approach, even with up to 10 unit cells of the (7,0) CNT, had substantial size effects when defects are introduced on the CNTs. These effects caused a significant bending of the CNT near the tube defect site and which must be considered to be an artifact of the cluster approach as we have not seen it in the periodic calculations.
Results and discussion

Equilibrium geometries and vibrational frequencies
We investigated defects that involve a pair of bonded carbon atoms, namely SW and DV defects. For each type, there are two kinds of bonded carbon atoms resulting in two isomers. Here, we selected the isomer where the two bonded carbon atoms are along the tube axis which have the lowest formation energy. The equilibrium structures of pristine and defected CNTs with four units are illustrated in Fig. 1 . The SW defect is the result of a rotation by p/2 of two carbon atoms about their bond center, which turns the four neighboring hexagons after reconstruction into two heptagons as shown in Fig. 1(b) . On the other hand, after the removal of the two bonded carbon atoms, the reconstruction of the CNT with a DV as shown in Fig. 1(c) results in a stable pentagon-octagon-pentagon (or 5-8-5) arrangement, in agreement with previous studies. 34, 35 Table 1 summarizes the vibrational frequencies of the RBM and G-band. The RBM is a low frequency mode characterized by an in-phase radial motion of the carbon atoms with a mode frequency that is inversely proportional to the CNT diameter. For the pristine CNT, the RBM is located at 401.3 and 404.5 cm À1 for the three-and four-unit CNTs, respectively.
These results are in good agreement with the previous results of 418.5 cm À1 obtained with a local atomic orbital basis set of double-z quality. 36 Upon CNT defection, the frequency of the RBM barely changes-as compared to the pristine CNT, the SW and DV defected systems show minor red-and blue-shifts, respectively, which agrees with tight binding calculations on (7,0) CNT. 15 It should be emphasized that the character of the RBM modes for the defected CNTs is associated with an in-phase radial motion of the carbon atoms but in contrast to the pristine CNT the vibrations are not the same in magnitude and few atoms are either at rest or have out-of-phase motions with respect to most of the other atoms. The G-band is characterized by the out-of-phase vibrations of the neighboring carbon atoms parallel to the tube surface. Being associated with planar carbon vibrations, the G-band has a higher vibrational frequency, in the region of values for aromatic C-C ring-stretch motions. For the pristine CNTs, the G-band is located at 1607 and 1567 cm À1 for the three-and four-unit systems, respectively, and, for both defect types, this mode is red-shifted by some 10-30 cm À1 . The sign of the shift in our calculations is found to be opposite to results obtained with a tight-binding approach, where the G-band of SW and DV defected CNTs was shown to blue-shift by 23-60 cm À1 . 15 It is interesting to note that for both the RBM and the G-band, the frequencies of the CNTs with a DV defect are larger than the corresponding values for the CNTs with the SW defect. However, as can be seen from the table, the difference is too small to be resolved experimentally. Additionally, overall the results and trends are consistent between systems with three and four unit cells, namely that for both defect types, the RBM barely changes due to defects while the G-band is more significantly altered. The results clearly show that the shift is proportional to the density of the defects for the G-band whereas the RBM is less sensitive. It is expected that the Raman shifts of both modes will not show any sensitivity to the defects in the low concentration limit.
UV-vis absorption spectrum
In Fig. 2 , we present the UV-vis absorption spectra for the pristine and defected CNTs in the range of 0-7 eV with three, four, and six repeat units. Due to the high computational View Article Online demands, we restrict our study to encompass the pp*-transitions that, in the electric-dipole approximation, couple to the ground state by means of an electric field polarized parallel to the tube axis. However, this is nevertheless a very good approximation especially in the extended system because the excitations that are perpendicular to the tube axis have a smaller oscillator strength due to the depolarizing field that originates from bound surface charges. 37, 38 This was validated in our recent study using a cluster approach.
33
The UV-vis spectra shown in Fig. 2 for the pristine CNTs display mainly the peaks corresponding to the S 11 and S 22 excitations. Table 2 summarizes the excitation energies and the band maxima. We avoided the computation of the oscillator strengths of the excitations because there is no simple way to do so from the spectrum, as every near-lying state will contribute to the peak maximum and not all excitations energies are resolved using the G = 200 meV value. As can be seen from the table, the first and second optical excitation energies are located at 0.96 and 2.27 eV for the six unit CNT. For comparison, we note that the experimental values for the first and second optical excitation energies are 1.29 and 3.14 eV, 39 respectively, and the corresponding theoretical benchmarks, obtained using a Bethe-Salpeter approach on the extended system, are equal to 1.20 and 3.00 eV. 40 The underestimation of excitation energies that we observe in our results is to be expected and is caused by our use of a semi-local exchangecorrelation functional.
The effects of the defects on the UV-vis spectra are not substantial. First, as can be seen from Table 2 and Fig. 2 , the S 11 and S 22 excitation energies show a relatively small shift. For example, for the pristine, and SW and DV defected CNTs with six units, the S 11 excitations energies are located at 0.96, 0.88 and 0.85 eV, while the S 22 excitations are located at 2.27, 2.27 and 2.23 eV, respectively. In comparison with the excitations energies, the band maxima of these excitations show a decrease, which is inline with the reduced RR intensities as we will discuss later.
The small shift of the excitation energies due to defects agrees with previous results on defected CNTs. Kilina et al. 41 showed that hydrogen defects caused a very small blue-shift in the p-p* excitation energy. We also found that the S 11 excitation of hydrogen and fluorine decorated CNTs are blue-shifted by less than 0.1 eV compared to the pristine CNT. 33 Furthermore, the reduction of the band maxima for the defected CNTs that is seen here is also in line with our previous results, where the oscillator strength of the first optical excitation of hydrogen and fluorine decorated CNTs is reduced by some 30-50%. Another effect of the SW and DV defects on the UV-vis spectra is that new weak absorption bands are induced that did not exist in the pristine CNT spectrum. This can be seen from the inset of the middle panel of Fig. 2 , which clearly shows that the two defected CNTs have a small peak around 0.25 eV that is absent in the spectra of the pristine CNT. It should be warranted that the small value of this low excitation energy could be due to the underestimation of the excitation energies in semi-local DFT functionals. For comparison, we note that in H-and F-functionalized CNTs, a low energy induced peak was also observed in the spectra upon functionalization. 33, 41 For example, for the F-functionalized CNTs a low energy peak at E1 eV was reported before and with an oscillator strength that is only a factor of 2-3 smaller than that of the p-p* S 11 excitation. For this low energy excitation, the orbitals involved in the transition clearly showed that both the adatoms and the CNTs are involved in the excitation. 33 In the TDDFPT approach, the polarizability is computed directly and thus not every excitation can be resolved in the UV-vis spectra. Peaks will be hidden or obscured if they have very small oscillator strengths or if they appear close to dominant excitations. This situation is different from conventional spectral calculations in which case all excited states are individually resolved regardless of their absorption strengths. In general, additional peaks that are close to the main excitation require a smaller value of the imaginary value of G to be resolved. To show that this is indeed the case, we show in Fig. 3 the UV-vis spectra as obtained using two different values of G = 400 and 100 meV for the 6 unit CNT. The spectra using G = 200 are shown in Fig. 2 . As can be seen from Fig. 2 and 3 , the spectra obtained using G = 400 meV are fairly similar to those using G = 200 meV near the S 11 and S 22 bands. On the other hand with G = 100 meV, the DV first main absorption band S 11 that is seen with G = 200 meV corresponds to two absorption bands, and for the SW defect the second peak corresponds to two excitations as well. For comparison, the pristine CNT shows only two main bands S 11 and S 22 , regardless of the value of G. The presence of the additional peaks in the defected CNTs compared to the pristine one was reported before in a tight-binding study of the RR profile of a (7,0) CNT. 15 The excitation energies for the pristine and defected CNTs show little dependence on the number of units of the CNT. The band maxima show a systematic small increase with system size, an indication of the delocalized nature of the exciton. In these calculations, it is clear that the UV-vis spectra are not very sensitive to the size of the CNT. This is very encouraging considering that the optical properties as computed with a cluster approach, where the dangling bonds are saturated with hydrogen atoms, showed significant dependence on the number of units that are used to model the CNT. For instance, in our previous study of the (7,0) CNT using a cluster approach with functional CAM-B3LYP, we found that the first optical excitation for the (7, 0) CNT is located at 3.06 eV for the 4 unit cluster, and at 2.51, 2.26, 2.08 eV for the 6, 8, and 10 unit clusters, respectively. 33 The corresponding oscillator strengths of these excitations increase with the tube length from 1.20 for 4 units to 7.38 for 10 units. Finally, we note that the spectra of the pristine and defected CNTs are fairly similar which make it challenging to distinguish the two defected CNTs, or even to distinguish the pristine from the defected CNTs based solely on UV-vis absorption spectroscopy. With H-and F-functionalization, the pristine and defected CNTs can potentially be distinguished based on the low-energy bright exciton which exist only in the defected CNTs. 33 In contrast, the low energy band that is observed for the defected CNT has a very low intensity, which is unlikely to be detected. Additionally, the extra peaks that can be seen in the spectra of Fig. 3 using G = 100 meV cannot be resolved experimentally. 41 For defected CNTs, however, we will show next that the RR spectra are more sensitive to the defect chemistry.
RR enhancement of the RBM and G-band
We determine the resonant Raman cross sections for the RBM and the G modes, which are the most symmetry-allowed Raman active modes. The dependency of the scattering cross section on the laser energy is shown in Fig. 4 for the RBM and in Fig. 5 for the G-band; the 3 and 4 unit cell sizes are considered in these calculations. The RR spectra show peaks around about 1 and 2.3 eV, which correspond to the S 11 and S 22 p-p* excitations, respectively, and which were discussed above, in concern with the UV-vis spectra. In contrast to the small shifts in the laser frequencies between spectral peaks of pristine and defected CNTs, Fig. 4 and 5 show that defects induce an almost one order of magnitude reduction in the RR intensities. The reduction of the intensities can be anticipated by comparing the corresponding atomic vibrations of the modes for the pristine and defected CNTs. For example, both SW and DV defects cause some of the carbon atoms that are close to the defect to have a small, or even a vanishing, amplitude of vibration. Thus it is expected that the orbital densities that are close to these atoms contribute less to the derivative of the electronic polarizability of eqn (7) when perturbed along the corresponding vibrational mode. This explains the reduction of the intensity for the CNTs View Article Online with defects. Similar effects were also observed before in our study of H-and F-functionalized CNTs. 33 Also, the reduction of Raman intensities was observed in CNTs after acid treatment with H 2 SO 4 /HNO 3 . 13 This is also the case after functionalization by CCl 2 , COOH, and COCCl 3 . 42 The general qualitative agreement in the RR spectra found between CNTs with SW or DV defects and those of functionalized CNTs stems from the fact that in all of these cases the defect disrupts locally the CNT sp 2 network in a similar manner. Additionally, as can be seen from the RR profiles in Fig. 4  and 5 , the intensity of the CNT with the DV defect is almost a factor of five smaller than that of the SW defect, especially for excitations that resonate with the first absorption band. This could provide a means to distinguish between the two defected CNTs, although this would be challenging as the differences are relatively small.
Overall our results also stand in very good agreement with the recent experiments of Kalbac and co-workers, where a low concentration of defects were created intentionally on part of an originally defect-free individual semi-conducting SWCNT. 12 Doping was shown to lead to a broadening and to a decrease of the intensity maxima in the resonance profile. The small shift in the optical transitions due to doping that is observed in our study was also observed in the experiments where the maxima of the resonance profiles for the defective and pristine CNTs did not coincide; the spectra of the pristine CNT are excited by a 2.05 eV laser excitation energy, while that of the defective one are excited by a 2.10 eV energy pulse. In contrast to our findings, these experiments did not observe any new excitation bands in addition to the S 11 and S 22 absorption bands, however, this could be due to the small oscillator strengths of these induced excitations or their proximity to the main absorption bands as discussed before.
Conclusions
In summary, we have investigated for the pristine and defected (7,0) CNT, the geometries, UV-vis absorption bands, and RR cross sections for the RBM and G-band using state-of-the-art DFT approaches. We show that the UV-vis spectrum, at least in the range of 0-7 eV does not change significantly by the introduction of the defects. For example, the S 11 and S 22 excitation energies change by less than 0.1 eV compared to the pristine CNT. We show that, on the other hand, defects introduced an order of magnitude reduction in the RR intensity for the RBM and G-band. These findings stand in agreement with recent experiments on CNTs where defects were introduced intentionally on a part of defect free SWCNT. In contrast to UV-vis spectra, or Raman shifts for that matter, the large difference in RR intensities reported for defected CNTs suggests that RR spectroscopy can provide a functionalization fingerprint to distinguish between pristine and defective CNTs. The G-band showed more sensitivity to the defects than the RBM, but in the low defect concentration limit it is not expected that this band would have substantial sensitivity based on the trends using two defect concentrations. The results are generally in agreement with our previous results on atom-decorated CNTs, which show that RR spectroscopy is an ultra-sensitive tool that can probe more general forms of the defect chemistry of CNTs.
